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1. Introduction
New biocompatible materials and new tec
possible to replace more parts of the huma
purely polymeric materials are showing 
metal to use them for prosthetics which are in
This is because they require a lower elasti
turaly compatible[1]. However, purely polymeric materials can
present low strength and high ductility. In order to accomplish both
the adjacent cortical bone leading to problems of mec
incompatibility[3]. In contrast, the stifness and strength avior of
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short carbon ﬁber reinforced polyether-ether-ketone (SCFR PEEK) composites. The biocompatibility of
PEEK and its short ﬁber composites, their rapid processing by injection molding and suitability for mod-
ern imaging have supported technological advances in prosthetic implants used in orthopedic medicine.
Surgical implants, including hip and cranial implants, can experience clinicaly signiﬁcant impact loading
during medical instalation and useful life. While the incorporation of short ﬁbers in a thermoplastic
matrix can produce signiﬁcant improvements in stifness and strength, it can also cause a marked reduc-
tion in ductility, making study of their energy absorption capability essential. In this work, the mechan-
ical impact behavior of PEEK composites reinforced with polyacrylonitrile (PAN) short carbon ﬁbers 30%
in weight is compared with unﬁled PEEK. The perforation tests conducted covered an impact kinetic
energy range from 21 J to 131 J, equivalent to the range observed in a fal, the leading cause of hip frac-
tures. Energy absorption capability, damage extension and failure mechanism have been quantiﬁed and
reported. A numerical modeling that includes homogenization of elastic material and anisotropic damage
is presented and validated with experimental data. At al impact energies, SCFR PEEK composites showed
a brittle failure and their absorption energy capability decreases drasticaly in comparison with unﬁled
PEEK.
2015 Elsevier Ltd. Al rights reserved.
hnologies have made it
n body. Biocompatible
better properties than
 direct skeletal contact.
c modulus to be struc-
mechanical properties and biocompatibility [3–5]. In addition,
SCFR PEEK is a strong and durable composite in the extremely
aggressive environment of the human body[2,6]. This family of
composites is of particular interest to those manufacturers who
develop applications that interact with bone, such as spinal fusion
cages and hip prostheses. These prosthetic implants are usualy
made from metalic aloys with stifness 10–20 times higher thanhanical
of PEEKlow elastic modulus as wel as high strength in an efﬁcient manner, composites can be modiﬁed through short carbon ﬁber ﬁling[2]
polymers are reinforced with ﬁbers[1,2]. The use of short ﬁber rein-
forcement reduces the ﬁber length reinforcing efﬁciency compared
with long ﬁbers, but ofers economic and design advantages in
biomedical applications with complex geometries, for example
injection molding of composite parts with complex shapes.
Short carbon ﬁber-reinforced PEEK (SCFR PEEK) composites
have proven to be a versatile material for use in medical implants
due to their suitability for modern imaging technologies, excelent
http://dx.doi.org/10.1016/j.compstruct.2015.08.028
0263-8223/ 2015 Elsevier Ltd. Al rights reserved.
⇑Corresponding author. Tel.: +34 916249161.
E-mail address:aariash@ing.uc3m.es(A. Arias).to match closely the values of bone and achieve optimum mechan-
ical properties for prostheses devices (Fig. 1).
Although incorporating short carbon ﬁbers in a PEEK thermo-
plastic matrix produces an improvement of its biomechanical
properties, it can also cause a marked reduction in ductility and
associated embrittlement of the material[7,8]. This deterioration
in impact behavior can limit the application of prosthetic devices.
Bones and potential prosthetic devices provide structural support
for the body and they must be able to absorb enough energy above
its ultimate strength without showing fracture[2]. Therefore, it is
essential to study the efect of reduced ductility in order to
determine the levels of energy absorption of prostheses, such as
cranial implants and hip systems[9], in dynamic conditions.
Investigation of mechanical impact behavior of medical implants
needs to include levels of dynamic loading commonly generated
in a fal or accident.
130 130 3mm3. Both materials are produced with injection
molding technology. Carbon ﬁber is currently the most widely
used ﬁbrous reinforcing agent for PEEK based composites[17]
due to the strong interfacial interaction between short carbon
ﬁbers and PEEK matrix. The interfacial strength between short car-
Fig. 1.Fixation of acetabular prosthesis of CF30 short ﬁber PEEK[9].
(CF30)
Elastic Modulus (GPa) 24 3.6
Poisson’s ratio 0.385 0.38
Densityðkg=m3Þ 1400 1300
Yield stress (MPa) – 107
Tensile strength (MPa) 214 95
Elongation at break (%) 2.0 40.0
Charpy impact strengthðkJ=m2Þ 6.50 7.0
Glass transition temperature (K) 416 416
Melt transition temperature (K) 610 616
D. Garcia-Gonzalez et al. / Composite Structures 133 (2015) 1116–1126 1117Mechanical impact process is a complex problem that includes
dynamic behavior, fracture, damage, contact and friction[10,11].
For PEEK composites, interesting thermo-mechanical phenomena
have been reported associated with high strain rate in dynamic
process: changes in ductile–brittle transition, toughness, fracture
energy and failure mechanisms[12,13]. Experimental observations
of some authors have shown no signiﬁcant inﬂuence on mechani-
cal properties of short ﬁber reinforced thermoplastic composite
under low strain rates demonstrating elasto-plastic behavior
[14]. For high strain rates experimental stress–strain curves
showed an elasto-viscoplastic behavior although this dependence
is neglectable for temperatures near to glass transition[15,16].
Moreover, especialy in dynamic conditions, the mechanical
response of such composite material is highly sensitive to the short
ﬁber orientation. In this regard, injection molding is the widely
used process for the production of SCFR PEEK composites with
complex shapes. The orientation of the ﬁbers induces heterogene-
ity throughout the material, making the prediction of its behavior
and ruptures a chalenging task.
The impact behavior of SCFR PEEK composites has not been dee-
ply studied in terms of kinetic energy absorption and failure under
impact loading, and perforation tests have not been reported in the
scientiﬁc literature. In this work, a study in terms of energy
absorbed has been experimentaly developed in order to analyze
the mechanical impact behavior of short carbon ﬁber reinforced
PEEK composites and unﬁled PEEK biomaterials which are fre-
quently used for medical applications. The perforation experiment
covered an impact kinetic energy range from 21 J to 131 J, equiva-
lent to the range observed in a fal of a person. C-Scan and scanning
electron microscope (SEM) inspection tests have been conducted
to reach a better understanding of damage extension and failure
mechanisms. Additionaly, in order to predict the response of
material a new approach for modeling the behavior of SCFR PEEK
composites has been developed. The model includes homogeniza-
tion of elastic material and anisotropic damage. A validation of the
predictions against experimental data is conducted for short car-
bon ﬁber PEEK composite.
2. Material
Commercial plates of PEEK composites reinforced with PAN
short carbon ﬁbers 30% in weight, named CF30 PEEK, and unﬁled
PEEK plates of general purpose grade were purchased measuringbon ﬁbers and PEEK polymer is higher than other known combina-
tions of ﬁbers and thermoplastic matrices[3,7,18], and on average,
at least an order of magnitude stronger than that between carbon
ﬁbers and ultra-high-molecular-weight polyethylene (UHMWPE)
polymers[15,18]. This supports the use of PEEK in preference to
UHMWPE in combination with carbon ﬁbers for applications such
as bearing medical surfaces. For CF30 PEEK, the diameter and
length of PAN carbon ﬁber were 7lm and 200lm respectively.
The percentage of 30% carbon ﬁber in weight (23.5% in volume)
of CF30 PEEK provides optimum rigidity and load bearing capabil-
ity. Due to its biocompatibility and high strength, CF30 PEEK has
been successfuly used in humeral plates, cranial implants and
composite acetabular inserts in hip replacement procedures
[2,5,19]. The mechanical properties of PEEK and CF30 PEEK com-
posite are shown inTable 1 [20], supported by data published by
authors[21]. Addition of short ﬁber into PEEK matrix increases
the low elastic modulus from 3.6 GPa for neat PEEK to 24 GPa for
SCFR PEEK and it doubles the failure strength value. Failure
strength in this paper refers to ultimate tensile strength or yield
stress, according to which was reached ﬁrst in tensile testing[7].
2.1. Mechanical characterization of SCFR PEEK composite
One inherent problem in processing short ﬁber reinforced ther-
moplastics (SFRTPs) by ﬂow molding techniques is that the ﬁbers
wil tend to become aligned during the ﬂow process, inducing ani-
sotropic material properties. To investigate the efect of orientation
on the mechanical behavior, tensile and compressive tests of
Table 1
Mechanical properties of PEEK and CF30 PEEK composite[20,21].
SCFR PEEK
composite
Unﬁled
PEEK
injection molded specimens were conducted using a servo-
hydraulic testing machine INSTROM 8516 under displacement
control at 1 mm min1. Tensile and compressive samples were
machined on the ASTM D-638 recommendations, Fig. 2a, and
ASTM D-695,Fig. 2b. An INSTROM 2620 extensometer and HBM
integrating the melt endotherm[24]. The results of DSC testing
did not show signiﬁcant diferences in the ability of matrix to crys-
talize between unreinforced PEEK and CF30 PEEK. This ﬁnding is
in agreement with data reported by Sarasua and Remiro[8].
gauge lentgh
R76
1913
57
165
10 23
5  gauge lentgh
35
35
Specimen
Tab
(a) (b)
Fig. 2.Geometry of specimen for tensile test ASTM D-638 and compression test ASTM D-695 (dimensions in mm).
Table 2
Mechanical properties of SCFR PEEK in both IFD longitudinal and transversal material
directions.
Mechanical
properties
SCFR PEEK composite
(CF30), this work
SCFR PEEK
composite
(CF30)[22]
Transversal Longitudinal Longitudinal
Tensile strength (MPa) 148 214 220.8
Compressive strength (MPa) 174 239 246.2
Tensile elastic modulus (GPa) 12.6 24 23.2
Compressive elastic modulus
(GPa)
15 44 43.5
Poisson’s ratio ( ) 0.38 0.38 0.38
Elongation at break (%) 1.9 2.0 1.8
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Fig. 3.Comparison of stress–strain of CF 30 PEEK composite given by experimental
data of this work and experimental data of works of Sarasua and Remiro[8]and Lee
[22].
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Fig. 4.Mechanical behavior of CF 30 PEEK composite under compression and
tension for specimen machined in the IFD longitudinal direction and transverse
direction.
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Young’s modulus (E) and failure strain and their respective strains
were determined as the mean value of at least eight specimens and
results are shown inTable 2.Fig. 3shows stress–strain curves of
CF30 PEEK composite, in agreement with data of the works pub-
lished by Sarasua and Remiro[8]and Lee[22].Fig. 4shows the
stress–strain curves of tensile and compression tests for CF30
PEEK composite in both IFD longitudinal and transverse directions.
These experimental results show that tensile strength, compres-
sive strength and failure of CF30 PEEK composite is dependent
on material direction. Longitudinal values are higher for both ten-
sile strength and compressive strength. Short ﬁbers are mainly
aligned in the injection ﬂow direction (IFD), providing higher lon-
gitudinaly than in the transverse direction. In addition, the results
showed an enhanced behavior under compressive loading than
tensile loading (Table 2). Specimens machined in the ﬂow direction
showed tensile and compressive strength approximately 40%
lower than specimens machined transverse to the ﬂow direction.
It was observed no signiﬁcant inﬂuence of strain rate on stress–
strain curves in the range from 104s1to 101s1, in agreement
with the works of Kammount et al.[15].
2.2. Crystalinity
Mechanical properties of PEEK materials are inﬂuenced by the
degree of crystalinity. Several authors have shown that increasing
the degree of crystalinity can increase elastic modulus and yield
strength while decreasing fracture toughness[12,23]. From difer-
ential scanning calorimetry (DSC) a degree of crystalinity of
30 ± 2% was calculated for PEEK and 32 ± 2% for CF30 PEEK
2.3. Strain rate and temperature sensitivity
The efect of strain rate and temperature on mechanical behav-
ior of short ﬁber thermoplastic composites has been reported in
the literature[13,25,26]. Wang et al.[25]showed that short ﬁber
PEEK were tested. Plates of Ti6Al7Nb and Ti6Al4V titanium aloys
were also studied to alow comparison between the CF30 PEEK,
unﬁled PEEK, and aloys used in biomedical applications. The
thickness of each plate was selected to obtain comparable areal
density[21,32], a parameter frequently used to optimize impact
response. The constitutive modeling of thermoplastics reinforced
D. Garcia-Gonzalez et al. / Composite Structures 133 (2015) 1116–1126 1119thermoplastic composite is a strain rate and temperature depen-
dent material. Both the elastic modulus and tensile strength of
the composite increased with strain rate and decreased with tem-
perature. However, for temperatures near to glass transition the
stress–strain curves of composites are not sensitive to strain rates
with less than 2% change in elastic modulus are less than 2% and
less than 10% change in tensile strength. The values of impact frac-
ture toughness of short ﬁber reinforced PEEK is similar to unﬁled
PEEK at room temperature and quasi-static conditions[13,26].
Toughness of short ﬁber reinforced PEEK and unﬁled PEEK
decrease with strain rate but this efect is inverted if high temper-
atures near glass transition are reached due to adiabatic efects
associated with the impact process.
3. Experimental impact testing
3.1. Hip and skul fracture energy
Hip fractures, the leading morbidity resulting from fals, consti-
tute a major and growing socioeconomic problem in health care
[27,28]. Since PEEK composites studied in this work are employed
for hip replacements[9,25], the impact energy generated in a fal
has been used as the reference level. Estimating the available
energyWhipjust before impact by kinetic energyEK, it is possible
to approximate the impact energy involved in a fal afecting the
hip. The average value for vertical hip impact velocity has been
determined as 2.75 m/s[29]. For a person of 66 kg, taking the efec-
tive mass corresponding to the hip zone as one sixth of the total
body weight (overestimated), the maximum impact energy afect-
ing the hip corresponding to an accidental fal is equal to
Wfracturehip ¼42 J. Head protection measures and proposed skul frac-
ture criteria typicaly include the energy absorbed up to the point
of skul fracture[30,31]. This reference skul fracture energy ranges
from 21.1 J to 40.5 J. Therefore, in this study, the kinetic energy
range has been 21:0J6EK6131:0 J including the range of hip
and skul fracture impact energy and incorporating a higher upper
limit. For this proposal, perforation tests using rigid spheres were
conducted on plates of CF30 PEEK and unﬁled PEEK.
3.2. Experimental setup
The set-up used was a gas gun capable of shooting a rigid spher-
ical projectile with a mass ofmp¼1:3 g and a diameter of
/p¼6:82 mm. This experimental device uses helium up to pres-
sures of 200 bars to impel the projectile. The initial impact velocity
V0was in a range of 170 m=s6V06450 m=s. In order to measure
the impact and the residual velocity, a high speed video camera
(Photron Ultima APX-RS) was used. Since the exposure time was
very short, 10ls, a 1200 W HMI lamp was used to ensure adequate
lighting. The camera was conﬁgured to obtain 36,000 frames per
second (fps). Plates of dimensions of CF30 PEEK and unﬁled
Table 3
Biomaterials considered for impact testing.
Material Dimensions (mm3) Mass (g) Areal density
(kg/m2)
CF30 PEEK composite 130 130 3 70.2 4.1
Unﬁled PEEK 130 130 3 65.5 3.9
Ti6Al4V 130 130 1 78.5 4.6
Ti6Al7Nb 130 130 1 79.4 4.7protection (Table 3). The thickness of both titanium aloys was
set att¼1 mm providing a representative comparison. Due to
the boundary conditions used to avoid sliding and to ensure cor-
rect clamping of the specimen, the size of the active part of al
the plates were reduced to 100 100 mm2,Fig. 5.
4. Modeling behavior of PEEK composite
Accurate description of the SCFR-PEEK mechanical impact
behavior needs to take into account the preferential alignment of
ﬁbers in the injection molding direction, IFD[8,33]. The results of
experimental testing in this study (Fig. 4), consistent with other
studies[7,8], have demonstrated that ﬁber alignment afects the
mechanical properties of SCFR-PEEK. Model parameters were iden-
tiﬁed based on the experimental results of compressive tests, using
the methodology reported for PEEK polymers[21]and assuming
brittle linear elastic behavior in compression[34–36].
4.1. Linear elastic behavior
The mechanical response of the material to stress state is the
result of both the matrix and the ﬁbers contributions to thatwith short carbon ﬁbers has been widely investigated and consti-
tutive models relying on two main approaches have been devel-
oped. The ﬁrst approach is based on the consideration of an
assembly of the damageable elastoplastic matrix material and
one-dimensional linear elastic ﬁber media. These models treat sep-
arately the matrix response and the ﬁbers response folowing any
variation of the composite materials mixture rule[37–39]. The sec-
ond approach is based on the homogenization of the elastic com-
posite behavior by deﬁning a homogenized stifness tensor from
the matrix and the reinforcement ﬁbers[15,40]. Amongst those
using models based on homogenization, some authors alow for
linear elastic behavior [40], while others include rate-
dependency in the elastic behavior[15]. The model described in
this work folows a simple homogenization scheme based on the
Voigt mixing rule algorithm. In order to get a more clear under-
standing of the formulation proposed in this model, al the tensor
components are written in bold style and scalar components in
normal style. This model assumes uniform strain in the two phases
and deﬁnes the homogenized stifness tensorCcompas:
Ccomp¼ð1 /mÞCfþ/m Cm ð1Þ
where/mis the matrix material in concentration andCfandCmare
the ﬁber stifness tensor and the matrix stifness tensor respec-
tively. Thus, the homogenized stressrcompcan be written as:
rcomp¼Ccomp ecomp ð2Þ
whereecompis the homogenized strain, the macro strain. In this
way, the SCFR-PEEK behavior has been deﬁned as a linear anisotro-
pic elastic material, with a mechanical response that is completely
determined by the homogenized stifness tensor depending on the
folowing elastic parameters: Young’s modulus in direction of IFD,
Elongitudinal¼44 GPa; Young’s modulus in transverse direction to
the IFD, Etransverse¼44 GPa; longitudinal shear modulus
G12¼5:7 GPa; and Poisson’s coefﬁcientm12¼0:385. The transverse
shear modulusG23andG13have been obtained from the theory of
Hil and Hashin [41,42]. These elastic parameters are al in
agreement with the Halpin-Tsai equations[43]and the experimental
data reported by Lee[22].
4.2. Damage initiation criterion
and compression were deﬁned as Yt=Zt=214 MPa and
Yc=Zc=239 MPa; and the shear strengths were deﬁned as
Sij=109.9 MPa. These data is in agreement with the experimental
observations of the anisotropic behavior presented by the elastic
composite material considered in this study.
Fig. 5.Geometry of plate specimen and boundary conditions (dimensions in mm).
Fig. 6.Scheme of constitutive model implemented.
1120 D. Garcia-Gonzalez et al. / Composite Structures 133 (2015) 1116–1126Due to good adhesion between short carbon ﬁbers and matrix,
the failure of PEEK composite is reported as cohesive[2,8,18].
This failure is also dependent on material direction, with both ten-
sile and compressive strength varying with direction. Short ﬁbers
are mainly aligned along the injection molding direction, IFD.
This provides higher strength in IFD direction than in the trans-
verse direction under usual loading conditions. As outlined in 2.1,
results show an enhanced mechanical behavior under compressive
loading than under tensile loading. With regard to strength, longi-
tudinal values are higher than transverse values both in tension
and compression.
Based on these observations, it was deﬁned as a Tsai-Hil failure
criterion in order to determine damage initiation. Some authors
have employed this failure criterion to deﬁne the material behavior
of short-ﬁber reinforced thermoplastics produced by injection
molding[15,44]. Kammoun et al.[15], in determining Tsai-Hil cri-
terion, assumed plane stress conditions in laminated composites
with aligned, continuous ﬁbers inside individual thin plies. This
has been shown to be a valid assumption as injection molded
sheets show quasi in-plane orientation distribution of the ﬁbers.
However, Kammoun et al.[15]have suggested, due to the limita-
tions of this assumption, the selected failure criteria would only
reveal approximate trends and they recommend the development
of more appropriate 3D failure criterion. Folowing their recom-
mendations a Tsai-Hil failure criterion has been programmed in
a VUMAT subroutine in order to establish a damage initiation cri-
terion considering the 3D formulation, Eq.(3).
r211
X2þ
r222
Y2þ
r233
Z2
1
X2þ
1
Y2þ
1
Z2 r11r22
1
X2þ
1
Y2þ
1
Z2 r11r33
1
X2þ
1
Y2þ
1
Z2 r22r33
þs212S212þ
s213
S213
þs223S223¼1 ð3Þ
where the normal strengths in the IFD in traction and compression
were deﬁned as Xt=214 MPa and Xc=239 MPa; the normal
strengths in the transverse direction to the IFD (Yand Z) in traction4.3. Damage evolution
In order to deﬁne the material behavior once the damage has
been initiated, a damage evolution model has been deﬁned to
describe the degradation rate of the material strength after the ini-
tiation criterion is satisﬁed. The stress–strain curve exhibits a lin-
ear elastic stage until the load increases to the critical value at
Point 1. This point is reached when the damage initiation criteria,
in our case Tsai-Hil criterion, is satisﬁed. Folowing the scheme
shown inFig. 6, degeneration of the load carrying capacity after
damage initiation occurs from Point 1 to Point 2. The value of the
damage parameterDgoes from 0 (indicating there is no damage,
at Point (1) to 1 (indicating a complete failure of the material,
reached in Point (2). This parameter is used in combination with
the stifness coefﬁcients to calculate the stifness coefﬁcient in
damage evolution, deﬁned as:
K¼ð1 DÞKo ð4Þ
whereKois the stifness coefﬁcient of intact material.
In this work, a dependency has been observed between the
degradation of the material and the increase in strain once the
failure starts. Base on this observation, the damage parameterD
has been deﬁned as:
DðeÞ¼RDew ð5Þ
whereDeis the strain increment in each time increment andwis a
projectile/plate. The potential dependence of the friction coefﬁ-
cient on the temperature and the sliding velocity is not taken into
account. The constant value used for the friction coefﬁcient is
based on the assumption of a constant pressure along the
projectile-plate contact zone. The authors conﬁrmed this hypothe-
D. Garcia-Gonzalez et al. / Composite Structures 133 (2015) 1116–1126 1121material constant controling the material degradation due to the
total strain accumulated once the damage initiation criterion is
satisﬁed.
To avoid sudden changes in the stifness of the ﬁnite elements
when damage occurs leading to instability problems and lack of
convergence during the simulation, the stress components were
corrected using a smooth transition, Eq.(6).
rij¼rij1 2 e
sDi 12ð Þ
2 es2
" #
ð6Þ
whererijandrijare the stress before and after the correction,Diis
the corresponding damage parameter, andsis the variable which
controls the slope of the stress decay when the damage is close to
1. According to recommendations a values=30 was adopted[45].
5. Numerical model
A Lagrangian 3D ﬁnite element model for the simulation of the
perforation process was developed in ABAQUS/Explicit[46]. The
geometry of plates is equal to the active area of the experimental
tests specimens (100 100 mm) with a value of thickness equal
to 3 mm for short ﬁber PEEK composite (Table 3). The fuly 3D con-
ﬁguration alows the model to describe the radial cracking and the
shear failure mode that characterize the perforation of plates by
spherical projectiles[47]. The target mesh developed is shown in
Fig. 7, where twelve elements were placed across the thickness
of the target. This is in agreement with the recommendations
reported[46], where it is suggested that at least four elements
should be used through the thickness when modeling any struc-
tures carrying bending loads. The mesh presents radial symmetry
to avoid spurious generation of cracks. The mesh is split into three
diferent zones. The zone directly afected by the impact has been
meshed with 32,400 tri-linear elements with reduced integration
(C3D8R in ABAQUS notation). In order to reduce the computational
time, a transition zone is deﬁned beyond the zone directly afected
by the impact using 48,000 elements. After the transition zone, the
mesh is deﬁned using C3D8R elements until reaching the perime-
ter of the target. This optimum conﬁguration has been obtained
from a convergence study using diferent mesh densities. Since
the experimental observations revealed absence of erosion on the
projectile-surface after the impact (the projectile was not
deformed plasticaly in any test), the projectile has been deﬁned
as rigid body. This enables a reduction in the computational time
required for the simulations. A constant friction coefﬁcient value
l=0.27 [27,48] has been used to deﬁne the contactFig. 7.Numerical conﬁgurationsis by FE analysis of diferent projectile-target conﬁgurations[49].
The impact velocities covered with the numerical simulations are
those covered during the normal impact experiments.
6. Results and discussion
6.1. Energy absorption of SCFR PEEK composite
Firstly, the experimental results of impact velocities are ana-
lyzed.Fig. 8a shows the residual velocity versus impact velocity
(Vr V0) curves obtained for both materials tested, SCFR PEEK
composite and unﬁled PEEK.Fig. 8a also shows the experimental
results for results for titanium aloys TI6Al4V and Ti6Al7Nb, mate-
rials commonly used in biomedical applications. The balistic limit
Vblis the maximum value of the initial impact velocityV0which
induces a residual velocityVrequal to zero. The balistic limit of
PEEK unﬁled,VPEEKbl 265 m/s, was found to be greater than that
corresponding to the SCFR-PEEK,VSCFRPEEKbl 177 m/s, and also
greater than the balistic limit of both titanium aloys considered,
VTi6Al4Vbl 232 m/s andVTi6Al7Nbbl 237 m/s. The results shown in
Fig. 8a have ﬁtted via the expression proposed by Recht and
Ipson[50]:
Vr¼ðVk0 VkblÞ
1=k ð7Þ
where kis a ﬁtting parameter. The values ofkdetermined are
k¼1.8 for SCFR-PEEK composite,k¼1.9 for unﬁled PEEK,k¼2
for Ti6Al4V andk¼1.8 for Ti6Al7Nb. The residual velocity of
PEEK unﬁled plates within the range of impact velocities tested is
lower than SCFR-PEEK composite and both titanium aloys. Based
on the measurements described previously, it is possible to esti-
mate the energy absorptionW of composite under dynamic impact
by Eq.(8)and the minimum energy to perforation,Wperforation, Eq.
(9).
W ¼12mpðV
2
0 V2rÞ ð8Þ
Wperforation¼12mpV
2
bl ð9Þ
Fig. 8b shows the kinetic energy of the projectile converted into
energy absorbedW of composite. For al materials testedW
increases with initial velocity. This tendency is in agreement with
experimental results published in the literature for spherical noses
of projectile[10,21]. Comparing the values obtained, it is observed
that PEEK unﬁled can absorb enough energy to avoid hip and skul used in the simulations.
injuries independent of the impact velocity,Fig. 8b.The reference
used for comparison is the maximum hip fracture energy,
Efracturehip ¼42 J, reported in [31]. The values of perforation
energy are respectively WPEEKperforation¼45:6J, WSCFRPEEKperforation¼20:4J,
ductile fracture (void growth and coalescence) in the matrix[15].
Figs. 10–13ilustrate the ﬁnal stage of the impact process for dif-
ferent initial impact velocities and both materials tested. The fail-
ure mode of SCFR PEEK composite is clearly diferent from that
observed in unﬁled PEEK. While PEEK unﬁled behaves in a ductile
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Fig. 8.(a) Residual velocityVrversus impact velocityV0, comparison between PEEK composites and titanium aloys; (b) Energy absorbed by the plateW versus impact
velocityV0, comparison between PEEK composites and titanium aloys.
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range of impact velocities, PEEK material is more efﬁcient in energy
absorption compared to both SCFR-PEEK with a medium ratio of
R=1.85 and titanium aloys with a medium ratio ofR¼1:26,
Fig. 9. In addition, SCFR-PEEK composites do not have the capacity
to absorb al energy without fracture for values higher than 20.4 J.
At high strain rate, SCFR-PEEK composites increase its brittleness
with associated reduction of toughness[26]. The lack of energy dis-
sipation by plastic deformation of the matrix increases the impact
energy transferred localy to the composite which can generate
fractures and perforation.
6.2. Failure mode of SCFR PEEK composite
Fracture in short ﬁber thermoplastic composite takes place pro-
gressively by the succession and overlapping of several complex
failure mechanisms. In these composites failure occurs as the
result of a variety of complex damage mechanisms such as ﬁber
cracking, ﬁber debonding and pul-out, plastic localization and
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Fig. 9.Percentage of absorption energy of SCFR PEEK and unﬁled PEEK versus
impact energy.manner, when short ﬁbers are added, the SCFR PEEK shows a
marked change to brittle behavior resulting in a considerable loss
in energy absorption capability. For SCFR PEEK composite and on
the front and rear,Fig. 10a and b respectively, damage was a com-
bination of localized penetration in local impact zone and four long
brittle cracks in radial directions and deep of thickness size of spec-
imen. This observation demonstrates a key failure mechanism
based on a cohesive failure mode due to insufﬁcient matrix shear
strength in impact conditions. For unﬁledPEEK matrixand on
the front and rear surfaces,Fig. 10c and d respectively, damage
was localized and ductile for two consecutive impacts showing
multi-hip capatibility for impact absorption energy[21].
For a better understanding of the impact processes in composite
materials [51], two diferent regimes can be considered: impact
velocities below and above balistic limitVbl. When the impact
velocity is not high enough to perforate the composite, below bal-
listic limit, it is assumed that the plate absorbs al the kinetic
energy of the projectile mainly in form of matrix cracking damage,
Fig 11a. Low velocity impact involves a long contact time between
the impactor and the target, which produces damage in some
points far from the contact region (global structure deformation).
For this reason, the matrix cracking usualy observed due to low-
velocity impact, occurs paralel to the ﬁbers of brittle composite.
However, if the impact velocity of the projectile is high enough
to perforate the plate, the energy absorbed by the composite is
only the diference between the initial and the residual kinetic
energy of the projectile,Fig 11b and c. In this case, some part of
the energy is absorbed by ﬁber cracking, ﬁber pul-out and local
matrix failure (to create the plug) and some other is used to accel-
erate the plug (linear momentum transfer) from rest of the projec-
tile residual velocity. Here the damage extension is much greater
compared to the previous velocity analyzed. Finaly, at very high
velocities the damage induced by the projectile is much more
localized around the impact point; projectile pushes a plug out of
the target approximately equal in diameter to that the projectile;
this means that the damaged area is smaler than at lower veloci-
ties (above balistic limit).
At impact velocities above the balistic limit, a spaling process
of the material was observed around the hole created by the pen-
etration of the projectile and the plug ejected during the impact is
supposed to approximate a truncated cone. On the rear surface
(Figs. 12and13) the damage was higher compared to the front sur-
face one. This can be attributed to the global deformation inﬂuence
(along with the local damage) that causes the damage of the larger
area on the rear surface. Moreover, radial cracks are observed in
of the damage extent based on the elastic wave’s attenuation pass-
ing through discontinuities. It is corroborated that the extension of
damaged area is limited to macroscopic observations: spaling
around the hole created by the projectile penetration and radial
cracks,Fig. 14. The damaged area decreases with impact velocity
(a) Impact Energy 19.01 J. V0=171 m/s. 
Vr =0 m/s. Front surface 
(b) Impact Energy 19.01 J. V0=171 m/s. 
Vr =0 m/s. Rear surface 
(c) V0(1)=260 m/s; V0(2)=244 m/s; 
Vr=0 m/s. Front surface 
(d)V0(1)=260 m/s; V0(2)=244 m/s; 
Vr=0 m/s. Rear surface 
Fig. 10.Final stage of the perforation process of SCFR PEEK and unﬁled PEEK for diferent impact velocities (front and rear surfaces of plates).
(a)Impact Energy 19.01 J. 
V0=171 m/s. Vr=0 m/s 
(b)Impact Energy 39.34 J. 
V0=246 m/s. Vr=166 m/s. 
(c)Impact Energy 62.86 J. 
V0=311 m/s. Vr=246 m/s. 
Fig. 11.Final stage of the perforation process of SCFR PEEK composite for diferent impact velocities below balistic limit and above balistic limit.
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where the tensile strength is lower than the compressive strength
as it has been determined for SCFR composite in Section 2.
As experimental complementary technique C-Scan technique
was used to measure the damaged area; this non-destructive
inspection method alows performing an accurate quantiﬁcationup to a surface equivalent to the perfect hole of the projectile at
high velocities. Moreover, using SEM photo,Fig. 15a and b, it is
possible to note a global brittle behavior characterized by: SCF/
PEEK interfaces (I), micro-cracking and matrix deformation (I),
ﬁber pul-out (II) and ﬁber breakage (IV). Observations of fracture
surfaces revealed the existence of a high amount of matrix adhered
to ﬁber surfaces, characteristic of the high interfacial strength
between short carbon ﬁbers and PEEK polymer[8,18]. There are
not ‘clean ﬁbers” and al ﬁbers show some adhering of PEEK poly-
mer[3]. Long pul-out lengths are observed in impact at low veloc-
ities,Fig. 15a, due to a higher contact time between projectile and
in the failure of injection moulded SFRC since ﬁbers have an initial
length higher than the critical value.
6.3. Numerical simulations
Fig. 12.Damage in front and rear surface of plates of SCRF PEEK composite impacted atV0= 221 m/s.
Fig. 13.Damage in front and rear surface of plates of SCRF PEEK composite impacted atV0= 246 m/s.
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Fig. 15a and b show also that debonding is proved to initiate pref-
erentialy at ﬁber tips due to stress concentration in impact zone,
folowed by of a separation of interface, formation of microvoids
and their propagation along ﬁber sides up to cracks propagation
in the matrix[52]. Fiber breakage is minority,Fig. 15a in agree-
ment with results of work reported by Notta-Cuvier et al. [38].
Thus, it is conﬁrmed that ﬁber breakage rarely plays a leading role(a)            
Fig. 14.C-Scan image of impacted SCRF PEEK composite plates: (a) IA good correlation was found between experimental and
numerical results, with a maximum error less than 10%, which
demonstrates that the models used in this study faithfuly repro-
duce the impact behavior of SFC PEEK,Fig. 16a. From numerical
predictions simulations, the values of damage area have been
obtained showing a decrease with impact energy. These numerical
predictions of the damaged area were estimated in terms of the
damage variableDðeÞ, Eq.(5), deﬁned as a state variable in a          (b) 
mpact velocity,V0= 221 m/s; (b) Impact velocity,V0= 311 m/s.
VUMAT subroutine. The images of impacted laminates obtained by
the C-Scan alow measuring the damaged area using an image pro-
cessor software and hence represent the damaged area vs. the
impact velocity,Fig. 16b.
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dependent on material directions, derived of anisotropic material
properties due to ﬂow molding manufacturing. To alow adequate
prediction of failure, an approach for modeling the behavior of
SCFR PEEK composites has been proposed which includes homog-
enization of elastic material and anisotropic damage. The results
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experimental data of energy absorption and damage area for short
carbon ﬁber PEEK composite.
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